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ABSTRACT
In this study, the microstructure and residual stress of the Inconel 718 parts, which were
fabricated by laser metal powder bed fusion additive manufacturing process, in as-fabricated and
stress-relieved conditions were investigated by metallographic analysis and microhardness test.
Fine equiaxed and columnar cellular dendrites were revealed in the Transverse plane, Frontal
plane, and Sagittal plane, respectively. Laves phases were found in the interdendritic regions and
interlayers. After the stress relief heat treatment, the Laves phases has partly solved into the γ
matrix and the microstructure became relatively homogeneous, which leads to the significant
increase (~19%) in the microhardness. Residual stress was unevenly distributed in the parts, and
no notable difference was found between the Frontal plane and Sagittal plane. The maximum
absolute compressive residual stress dropped from 378.4 MPa to 321 MPa after stress relief due
to the homogenization of the microstructure.
Keywords: Inconel 718; microhardness; residual stress; selective laser melting; additive
manufacturing
1. Introduction
Laser metal powder bed fusion (L-PBF) additive manufacturing (AM) process, which is
also called selective laser melting (SLM), can fabricate functional metal parts with nearly full
density [1,2], high dimensional precision, and good surface integrity [3], as well as outstanding
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mechanical properties [4,5]. It is applicable to multiple metals and alloys, such as stainless steel
[6], Ti-4Al-4V [7], and Inconel 718 [8]. Inconel 718 has been extensively used in the hightemperature environment, such as turbine blades, due to its outstanding properties characteristics
[9,10]. During the L-PBF process, the rapid heating and cooling processes [11] have significant
influences on the microstructure and physical properties of the finishing parts. In addition to fine
microstructure [12,13] formed during L-PBF process, Laves phases and carbide particles were
also revealed in the fine interdendritic regions, grain boundaries and layer interfaces [14,15].
Furthermore, the repeated fast thermal heating and cooling cycles also induced a high level of
residual thermal stresses in the finishing parts. Therefore, post heat treatment is usually needed to
homogenize the microstructure and relieve the residual stresses to achieve the desired
microstructure and mechanical properties [16].
Residual stress affects the geometric resolution and mechanical performance of the
formed components [17,18]. To test and evaluate the residual stress, multiple methods have been
developed, such as X-ray [19], the three-prong method [20], and neutron diffraction [2,21].
However, most of them are complicated or costly [22]. The instrumented indentation technique
(IIT) has attracted extensive interest due to its simplicity, convenience, and applicability at
various scales. Based on the experimental correlation between indentation characteristic
parameters and residual stresses, Carlsson et al. [23,24] developed a model which is based on
micro-indentation. It provides a feasible way to estimate the residual stress rapidly in micro-scale
[25,26].
To date, the distribution of residual thermal stresses in L-PBF processes has been studied
by many researchers [27–30]. Cao et al. [28] found that the overlap area had higher residual
stresses than the inner-pass area, and the variation range of the residual stresses expanded with
the increase of the overlap rate. Liu et al. [30] reported that there was an alternative distribution
between high residual stress regions and low residual stress regions within a single deposited
layer. After investigating the effect of the island size on the residual stress of the fabricated
components, Lu et al. [12] revealed that the smaller the island size is, the higher the residual
stresses are. Nadammal et al. [31] also found that longer hatch length (Long Scan Vector) can
induce higher residual stress due to the thermal gradients involved in the L-PBF process, which
also has been reported by Sillars et al. [20]. However, due to the dramatic variation of the
thermal gradient caused by the complicated physical and chemical processes within the melt pool
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due to the non-equilibrium processing technique of the energy beams, a thorough study is still
needed to further understanding the residual stress in the metal components fabricated by
powder-bed fusion technologies.
In the present study, a staircase Inconel 718 part was fabricated to study the influence of
the thermal cycles and build height, and two block parts were produced to investigate the effect
of the stress relief heat treatment. The microstructure of the Inconel 718 alloy was analyzed, and
the distribution of residual stress was investigated by microhardness test. In addition, the
difference between the Sagittal plane (X-Z plane or longitudinal plane) and Frontal plane (Y-Z
plane or coronal plane) was studied and the effect of thermal cycles, build height, and the stress
relief heat treatment was also compared and discussed.
2. Materials and Methods
2.1 Fabrication of samples
Fine pre-alloyed Inconel 718 powder was utilized to fabricate Inconel 718 components by
a Concept Laser M2 Laser Cusing System at NASA’s Marshall Space Flight Center (Huntsville,
AL) and the as-fabricated brown staircase Inconel 718 part is shown in Fig. 1a [32]. The
common commercially available Inconel 718 powder that meets the specification of chemistry
was adopted. The majority of the raw IN718 powder particles are in a smooth sphere shape. A
small fraction of them have some small satellite balls attached to them. The distribution of the
spherical powder diameters was measured from the SEM images using the ImageJ software.
Based on the statistic results, the average diameter of the particles is 29.1 um with a range from
11 um to 65 um. The island scan strategy was applied in this study [33]. The size of the island
was set to 5 mm which was determined based on former studies [12]. These islands were
selectively melted in random order with vectors in the adjacent islands perpendicular to each
other. The whole pattern was rotated 45 degrees with respect to the substrate plate, which can not
only reduce any possible interference between the recoated blade and the straight boundary of
each individual island [34] but also reduce the residual stress generated during the manufacturing
process [35]. For each island, simple alternating scan vectors with a speed of 600 mm/s were
used with hatch spacing of 105 μm. In addition, the power and spot size of the laser source was
180W and 54 μm, respectively, and the layer thickness was 30 μm.
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The island pattern was shifted by 1 mm in both the X and Y direction for each subsequent
layer. To investigate the effects of heat treatment, two solid blocks with dimensions of 40 mm by
40 mm by 6 mm were fabricated and heat treated to relieve the stress in the parts, as can be seen
from their black-burned color in Fig. 1c.

Fig. 1 L-PBF Inconel 718 alloy: (a) as-fabricated staircase part, (b) as-fabricated block with
stress relief heat treatment, (c-e) location of the samples. S1, S2, and S3 stand for the step
number of the specimens in the staircase part. H2, H29, and H59 represent the build height of the
samples, and (f) schematic image showing the location of the microindentation testing performed
Fig. 1 c-e illustrate the locations of the samples. Six samples were cut by wire electrical
discharge machining from the Sagittal plane (Fig. 1c) of the staircase part to study the effects of
thermal cycles. The sample is named after its step number and build height. For example, S3H29
stands for the sample from the third step of the staircase part at the height of 29 mm. In Fig. 1d,
two samples were cut from the middle of one stress relieved part at the same build height to
examine the difference between the Frontal plane (sample 1) and Sagittal plane (sample 2). In
addition, eight specimens were cut from the other stress-relieved part along the build height to
investigate the anisotropic conditions in microstructure and properties, in which S1 (Sample 1) to
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S4 were used to investigate the Sagittal plane, and S5 to S8 were used to study the Transverse
plane (scanning surface), as shown in Fig. 1e. For microstructure analysis and the
microindentation tests, all the samples were prepared with the standard metallographic
procedures, which includes grinding and polishing. To reduce the effect of the cutting on the
residual stresses, all the samples were removed 3 mm thickness during the grinding process (e.g.
S5, Fig. 1f) and then polished down to 1 μm. The final step was conducted using a vibratory
polisher with 0.04 µm colloidal silica suspension.
2.2 Microindentation test
The Microhardness tests were performed on each surface of specimens using a Vickers
indenter from Buehler Inc.. As shown in Fig. 2a, the sample was put on the horizontal adjustment
stage, and the tests were conducted at the force of 500gf at the loading time of 15 seconds. In
addition, spherical pores were observed in the L-PBF fabricated samples. To avoid the effects of
pores on the experimental results, the microhardness tests were performed at locations without
pores. The details of the testing locations are illustrated in Fig. 1f. The typical indents of the
microhardness test on Inconel 718 build height samples are shown in Fig. 2. Even though it is
assumed that elastic recovery does not occur once the load is removed. However, elastic
recovery does occur, and sometimes its influence is quite pronounced. As illustrated in Fig. 2b,
the total area of the indents is smaller than its real contact area, while the opposite is true in Fig.
2c. Fully tortured sides in Fig. 2d are caused by the action of force, which is very common in
anisotropic materials. Fig. 2e and Fig. 2f are the typical indents from samples with stress relief
heat treatment. The Fig. 2e indent is similar to the indents from the as-fabricated samples (Fig.
2b) and Fig. 2f indent is close to its real contact area.

5

Fig. 2 (a) Microhardness test stage, and typical indents of microhardness test on the surface of
Inconel 718 samples: (b-d) as-fabricated, (e, f) with stress relief heat treatment
2.3 Stress evaluation
Given the condition that the deformation under indentation test occurs under quasi-static
and isothermal conditions, Carlsson and Larsson [24] reported that equi-biaxial residual strain
and equi-biaxial residual stresses fields can be accurately correlated with the hardness value and
the size of the contact area, respectively. The uniaxial stress-strain curve follows the monomial
function, for Inconel 718 [30],
𝜎 𝜀

𝜎𝜀

1181.2𝜀

.

1
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where the power-law function was fitted approximately with the tensile test results. Carlsson and
Larsson [24] revealed that the residual strain and the residual stress follow the equations below.
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where 𝐻 is the micro-hardness of the tested point, and here 𝐻
𝐴

𝑃/𝐴

(𝑃 is the testing load,

is the projected contact area), 𝐶 is a constant, depending on the geometry of the sharp

indenter only, and 𝜎 𝜀
strain. 𝜀

𝜀

is the flow stress at the representative strain and the residual

is a value of the effective plastic strain and 𝜀

is the ratio of the real contact area 𝐴

𝜀

is the residual plastic strains. 𝑐

and the nominal projected contact area 𝐴

which was

calculated by the length of the two diagonal lines of the indentation, 𝐿 and 𝐿 , using ImageJ, as
shown in Fig. 3,
𝐴
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Fig. 3 Schematic of the geometry of the indents and the nominal projected contact area 𝐴
For a Vickers indenter, within a certain accuracy standard, 𝐶=3, 𝜀

=0.08 and 𝑐 = 1

[6]. Then, the model can be simplified as below.
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3. Results and discussion
3.1 Microstructure analysis
Fig. 4 presents the typical optical microstructure in the transverse plane of as-fabricated
L-PBF Inconel 718 alloy samples. The island scan pattern and the standard alternating x/y raster
strategy were observed clearly in the transverse plane (Fig. 4a). The melt tracks have a width
around 100 𝑢𝑚, and the trunning points of the melt tracks usually induce a larger melt pool due
to the big energy input. Frontal plane and the Sagittal plane present similar microstructure. The
cut ends of melt pools in the form of a series of arcs were observed clearly in the Frontal plane
and Sagittal plane (Fig. 4b-d). Fine elongated cellular dendrites with the growing direction along
the build direction (Z-axis) were observed in the Sagittal plane, which is caused by the huge
cooling rate in the process [36] (Fig. 4d). In addition, porosity and other solidification defects
that induced by the process were also revealed, as clearly displayed in the Fig. 4. A higher
porosity was found at the deep keyhole, which is caused by the end and start of the melt tracks
(Fig. 4c). These defects hurt the mechanical performance of the formed components [37], which
can be minimized and even obtain full dense deposited parts by optimizing the process
parameters of the process [38].
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Fig. 4 Optical micrographs of as-fabricated L-PBF Inconel 718 alloy: (a) Transverse plane, (b)
Frontal plane, and (c, d) Sagittal plane
The optical microstructure of the stress relieved samples is shown in Fig. 5. The island
scanning pattern with the antiparallel raster hatching traces disappeared, and only 100 µm
squares with fine equiaxed microstructure shown in the transverse plane. This implied that the
microstructure had evolved during the stress relief heat treatment, and the squares of pattern
grew out of the standard alternating x/y raster strategy in addition to the shifting of the island
pattern for each subsequent layer. In addition, columnar microstructures were revealed in the
Sagittal plane, and the average width of the columnar microstructures is about 150 µm which
equals the length of the diagonal of the square pattern in the transverse plane. The equiaxed
microstructure was found within the columnar structure, and fine vertical elongated
microstructure was observed at the inter-regions of the columnar structures which was resulted
from the overlap of the melting tracks. Therefore, the L-PBF Inconel 718 samples after stress
relief have a rod-shaped equiaxed microstructure, which is much more homogeneous than the asfabricated specimens.
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Fig. 5 Optical micrographs of as-fabricated L-PBF Inconel 718 alloy with stress relief heat
treatment, (a) Transverse plane (b) Sagittal plane
Fig. 6 presents the SEM micrographs of the microstructure of the L-PBF Inconel 718
alloy. It was found that the scanning direction of the beam tracks had significant effects on the
growth direction of the columnar cellular dendrites (Fig. 6a and Fig. 6b). The dark color region
in Fig. 6b was revealed to be the basic γ phase and the white color areas located at the layer
interfaces, grain boundaries, and inter-dendrites were identified as non-equilibrium Laves phase
[14]. The average width of the cellular dendrites is about 0.68 µm. After stress relief heat
treatment, the microstructure became more homogenous. Because the Laves phases in the melt
pool were partly solved into the basic γ matrix with their morphology changing from coarse and
interconnected particles to discrete Laves phase, as clearly demonstrated by Fig. 6b and Fig. 6d.
Some regions are dominated by black color which also indicates a very low fraction of the Laves
phase (Fig. 6d). In addition, carbide and δ phase also generated during the process of stress relief
heat treatment (Fig. 6d).
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Fig. 6 Microstructures on the Sagittal plane of Inconel 718 under SEM (a, b) as-fabricated and
(c-d) as-fabricated and stress relieved
3.2 Comparison of the characteristics of frontal and Sagittal planes
The hardness values and residual stresses on the Frontal plane and Sagittal plane of
Inconel 718 samples are plotted in Fig. 7. Based on the average value of the test results, the
Frontal plane and the Sagittal plane almost have identical characteristics in hardness and residual
stresses, which attributes to the similar microstructures that induced by the identical
manufacturing parameters (beam scanning pattern and the beam parameters) in both Frontal
plane and Sagittal plane. They both have an average microhardness of 4.2 GPa [12,39]. In
addition, no significant pattern was found for the residual stresses and they are just unevenly
distributed in the parts. They both have compressive residual stress with the maximum absolute
value around 320 MPa, which is about 27% of the yield strength of Inconel 718. This was
comparable to the literature values that compressive residual stresses were revealed in the center
region of the X-Z plane of Inconel 718 with the magnitude around 300 MPa [2,40].
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Fig. 7 Comparison of microhardness test results of the Frontal plane and Sagittal plane Inconel
718 samples, (a, c) microhardness, and (b, d) Residual stresses
3.3 Effects of the thermal cycle
The statistic results of the microhardness for the as-fabricated staircase Inconel 718 part
are shown in Fig. 8. The hardness values range from 3.17 GPa to 3.77 GPa, which is superior to
or comparable with published results [14,41]. In addition, the specimens from the bottom of the
part have higher hardness values, as can be seen from Fig. 8a-c, which mainly attributes to the
finest microstructure as measured above in addition to the difference fraction of phases. In Fig. 8,
sample S3H59 and S3H29 have the lowest and highest hardness values, respectively, which
results from the fraction of Laves phase. In Fig. 8d-e, the lower volume fraction of Laves phase
in S3H59 leads to its high hardness values. Moreover, by comparing the samples with different
time duration of the thermal cycles in Fig. 8a-c, the thermal cycles had effects on the hardness of
the part as the thermal cycles can decrease the fraction of the Laves phase in the sample.
Therefore, the hardness values are more likely combination effects of manufacturing process
parameters and thermal cycles.
Fig. 9 listed the residual stresses of as-fabricated samples that calculated from the
microhardness test. Without stress relief, the samples have a much larger standard deviation.
Some test points have tensile residual stresses (Maximum, 145.1 MPa), and some other test
points have very big compressive stresses with a maximum absolute value around 378.4 MPa,
which is about 32 percent of its yield strength (~1181.2 MPa). This was caused by the
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characteristic of the layer by layer manufacturing process. Generally, the samples have
compressive stress in the Sagittal plane, as shown in Fig. 9. The big standard deviation was
caused by the inhomogeneity properties of the microstructure in the part. This was also
mentioned by former studies [28,42], it is said that the big standard deviation of the calculated
residual stresses resulted from the real variation of residual stresses from point to point due to the
nonhomogeneity of the microstructure.

Fig. 8 Sagittal plane of as-fabricated L-PBF Inconel 718 alloy: (a-c) microhardness, and SEM
images of (d) S2H29 and (d) S3H29
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Fig. 9 Sagittal plane of as-barbicated L-PBF Inconel 718 alloy: (a-c) Residual stresses
Comparing to the residual stress in the stress-relieved part, the as-fabricated samples have
a higher compressive residual stress in average value and maximum values. This is because the
stress relief heat treatment process has partially relieved the stress in the part and induced the
evolution of the microstructure. According to the results obtained, the thermal cycles have no
remarkable effects on the residual stresses in the part. Moreover, if comparing the changing trend
of the hardness and the residual stresses in Fig. 8b-c and Fig. 9b-c, respectively, the residual
stresses have influences on the hardness. However, there is no correlation in the changing trend
of hardness and residual stresses in Fig. 8a and Fig. 9a. Therefore, the hardness values are more
likely to be the consequence of the joint contributions of multiple factors, such as phase fraction
and residual stresses.
3.4 Effects of stress relief heat treatment
Fig. 10 and Fig. 11. include the microhardness and the residual stress results changing
with the build height of the stress relieved L-PBF Inconel 718 block. After stress relief, the
microhardness values of the samples increased to 3.93~4.31 GPa, which indicates that there is a
19% average increase in the hardness. This attributes to the homogenized microstructure in the
14

samples as the microstructure had evolved during the heat treatment, as demonstrated in Fig. 10c
and Fig. 10d. The majority phase in the S1 sample is the basic γ phase and it has a more
homogeneous microstructure than the S4 specimen which still has vast regions that contain a
larger fraction of Laves phase, and this accounts for the higher hardness values in S1. The fully
homogenized microstructure can be obtained by proper heat treatments [14,28] which can
enhance the hardness of the as-formed part by 48%.
The average value of the residual stresses in the Transverse plane and Sagittal plane are
tensile and compressive residual stresses, respectively, as shown in Fig. 10a and Fig. 11a. It can
be seen that the residual stresses in the block only increased slightly along the direction of the Z
direction. By comparing the residual stress in the as-fabricated samples, it was found that there
was no significant drop in the average absolute values, but the maximum absolute values did
decrease, which is around 320 MPa, In addition, the residual stresses almost do not have
influences on the micro-hardness of the Inconel 718, and the Sagittal plane has a higher
microhardness than the Transverse plane.

Fig. 10 Sagittal plane of stress relieved L-PBF Inconel 718 alloy: (a) Residual stress, (b)
microhardness, and SEM images of (c) S1 and (d) S4
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Fig. 11 The transverse plane of stress relieved L-PBF Inconel 718 alloy: (a) Residual stress, (b)
microhardness
4. Conclusion
The influences of thermal cycles, build height, and heat treatment on the microstructure and the
residual stress in the L-PBF-produced Inconel 718 was studied. Based on the experimental
results, the conclusions obtained are listed below.
(1). The manufacturing strategies, such as the island scanning pattern and manufacturing
parameters, were shown clearly in the as-fabricated L-PBF 718 samples. Fine columnar cellular
dendrites across tens of layers were revealed in the Sagittal plane and Frontal plane, and
equiaxed fine dendrites were observed in the Transverse plane growing from the fusion line to
the center of the melt pool. In addition, the Laves phase was mainly found in the interdendritic
regions and interlayers and the process-induced keyhole porosity was also discovered.
(2). With stress relief heat treatment, the microstructure becomes relatively homogeneous than
that in the as-fabricated samples. Columnar structure with a width of 150 um was revealed in the
Sagittal plane and equiaxed grains within 100 um squares of the scanning pattern were
discovered in the Transverse plane. Laves phase was partly solved into the basic γ matrix with
their morphology changing from coarse and interconnected particles to discrete particles.
(3). The residual stresses were unevenly distributed in the parts, and there was no notable
difference between the Frontal plane and Sagittal plane of L-PBF Inconel 718 samples in both
hardness and residual stresses. In general, an average compressive residual stress was revealed in
the Sagittal plane of as-fabricated Inconel 718 L-PBF part. After stress relief heat treatment, the
samples had a lower compressive residual stress in the average value and the maximum value,
which attributes the evolution of the microstructure during the heat treatment for the stress
relieving process.
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(4) The microhardness values of the L-PBF Inconel 718 parts are comparable to the literature
data. The Sagittal plane has a higher average hardness value than the Transverse plane.
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